The present review focused on selected, recent experimental progress of photodissociation dynamics of small molecules covering the vacuum ultraviolet (VUV) range from 6 eV to 20 eV. These advancements come about due to the available laser based VUV light sources, along with the developments of advanced experimental techniques, including the velocitymap imaging (VMI), H-atom Rydberg tagging time-of-flight (HRTOF) techniques, as well as the two-color tunable VUV-VUV laser pump-probe detection method. The applications of these experimental techniques have allowed VUV photodissociation studies of many diatomic and triatomic molecules to quantum state-to-state in detail. To highlight the recent accomplishments, we have summarized the results on several important molecular species, including H 2 (D 2 , HD), CO, N 2 , NO, O 2 , H 2 O (D 2 O, HOD), CO 2 , and N 2 O. The detailed VUV photodissociation studies of these molecules are of astrochemical and atmospheric relevance. Since molecular photodissociation initiated by VUV excitation is complex and is often governed by multiple electronic potential energy surfaces, the unraveling of the complex dissociation dynamics requires state-to-state cross section measurements. The newly constructed Dalian Coherent Light Source (DCLS), which is capable of generating coherent VUV radiation with unprecedented brightness in the range of 50−150 nm, promises to propel the photodissociation experiment to the next level.
I. INTRODUCTION
The study of photodissociation dynamics of all kinds of molecular species has been one of the main research subjects in the field of photochemistry and molecular reaction dynamics during the last half century, partially due to its relevant applications in planetary and atmospheric chemistry, interstellar chemistry, and all other fields that involve interactions between molecules and photons.
Thanks to the availability of all kinds of commercial laser systems and the recent development of state-of-the-art photofragment detection methods, especially the velocity-map ion imaging (VMI) technique [1, 2] , the H-atom Rydberg tagging time-offlight (HRTOF) technique [3, 4] and the tunable vacuum ultraviolet-vacuum ultraviolet (VUV-VUV) laser pump-probe double-resonance method [5] , photodissociation studies can now be performed to the state- † Dedicated to Professor Kopin Liu on the occasion of his 70th birthday.
* Authors to whom correspondence should be addressed. E-mail: honggao2017@iccas.ac.cn, cyng@ucdavis.edu to-state detail. These experiments involve quantum state preparations for molecular species of interest and quantum-state and angular distribution detections for photofragments. By comparing these state-to-state experimental data with high-level ab initio theoretical calculations, the detailed photodissociation dynamics of many important molecules have been investigated and valuable insights have been gained.
Since a large number of research papers have been published in the field of molecular photodissociation dynamics, it is difficult to address the broad scopes of all of them in this short review. Sato made a thorough review of the photodissociation dynamics of simple molecules in the gas phase which covered most of the important achievements by the end of the last century [6] . There also exist numerous relatively shorter reviews, each of which covered one specific aspect of molecular photodissociation, for example, the ones by Butler and Neumark [7] , Ashfold et al. [8] and Clark et al. [9] . While most of the experiments reported in the literature are performed in the ultraviolet (UV, λ>190 nm) region, quantum state resolved photodissociation studies in the vacuum ultraviolet (VUV, λ<190 nm) region are still very limited, partly due to the technical difficulty of generating high resolution intense tunable VUV sources. Th-rough two-photon resonant four-wave mixing (TPR-FWM) process by using commercially available intense Nd:YAG-pumped dye laser systems, and the most recent development of deep UV free electron laser systems, high resolution tunable VUV sources in the wavelength region of 50−150 nm can now be readily generated [10, 11] . By combining these tunable VUV sources with VMI and HRTOF techniques, we have seen great amount of effort being devoted to the state-to-state photodissociation dynamics of small molecules in the VUV region during the last two decades. In the present review, we mainly discuss about the recent photodissociation studies that use tunable VUV radiations generated by TPR-FWM or free electron laser as the photolysis sources, and use VMI, HRTOF, and tunable VUV laser ionization as the photofragment detection methods. The technical details and the recent developments of the VMI, HRTOF, and two-color tunable VUV-VUV laser pump-probe techniques have been discussed in recent two perspectives and one review [2, 4, 12] , thus we will mainly focus on the experimental and theoretical results in the present review without mentioning the technical details. Besides reviewing the existing work in the literature, we will also provide future prospects for further improving the VUV photodissociation experiment.
II. VUV PHOTODISSOCIATION OF DIATOMIC MOLECULES
Diatomic molecules have only two atomic entities which are connected together through chemical bonds. The potential energy surfaces are one-dimensional curves with the bond length as the only nuclear variant. Most closed-shell diatomic molecules have rotationalresolved absorption structures, which makes possible the study of quantum rotational-state selective photodissociation dynamics. Breaking of the covalent bonds of diatomic molecules generates two atomic species which do not have any rovibrational structures, this greatly simplifies the energy disposal analysis, and thus unambiguous quantum state distributions of the photoproducts are readily available from the measurements of the translational energy of the photofragments. On the other hand, quantitative understanding of the photodissociation dynamics of diatomic molecules is not necessarily easy, especially when it involves highly excited electronic states promoted by VUV photon absorptions, where several dissociation product channels and many different electronic states can interact via curve crossing along the bond breaking pathways, as have been demonstrated in the cases of H 2 , CO, N 2 , HX (X= Cl, Br and I), and O 2 . Nevertheless, diatomic molecules are the best starting point for understanding molecular photodissociation dynamics.
A. H 2 (D 2 , HD)
H 2 (D 2 , HD) is the most abundant molecular species in the universe and also the simplest neutral molecule which has only two electrons and two protons, and thus, high-level ab initio calculations can be made available for comparison with state-of-the-art experimental measurements. In the energy region around the dissociation threshold of H(1s)+H(2s)/H(2p), both direct dissociation process and predissociation process through various potential energy curves with different symmetries can occur and interfere with each other, which results in asymmetric absorption profiles, i.e., Beutler-Fano profiles [13, 14] ; tunneling dissociation and quantum inference effect have also been observed. The very rich dynamics observed for H 2 (D 2 , HD) in this region has made it a model system for studying molecular photoabsorption, photoionization and photodissociation dynamics, and has attracted numerous theoretical and experimental investigations [15−17] . Mo and coworkers have recently studied the detailed photodissociation dynamics of H 2 (D 2 , HD) near the threshold of H(1s)+H(2s)/H(2p) with an experimental setup which equips with both VMI and HRTOF components, a tunable VUV source generated by TPR-FWM for single photon excitation of H 2 (D 2 , HD) and also a UV laser source for probing H(2s)/H(2p) [18−22] . Besides obtaining the high-resolution photofragment yield spectra which show the Beutler-Fano profile in most cases and the angular distributions of the photofragments, they have developed a novel method for determining the branching ratios between the two dissociation channels of H(1s)+H(2s) and H(1s)+H(2p) by using the very large lifetime difference between H(2s) and H(2p). For H 2 , the predissociation dynamics of 3pπD 1 Π ± u (v=3) and 4pσB ′′1 Σ + u (v=1) states have been studied in great detail [18] . The measured branching ratios of H(2s)/[H(2p)+H(2s)] are consistent with previous theoretical calculations. The obtained anisotropy parameters show that the main dissociating components of the 3pπD 1 Π + u (v=3) state have 1 Σ + u symmetry, and that of the 3pπD 1 Π − u (v=3) and 4pσB ′′1 Σ + u (v=1) states have 1 Π − u and 1 Σ + u symmetry respectively, as expected. In the study of the H 2 predissociative state of 3pπD 1 Π + u (v=4), angle-and fully rotationally-resolved Beutler-Fano profiles have been obtained for the first time [19] . The profiles are found to have different shapes at the parallel and perpendicular directions relative to the polarization direction of the dissociation laser. Within the Beutler-Fano profile of R(1) transition for the 3pπD 1 Π + u (v=4) state, the branching ratios H(2s)/[H(2s)+H(2p)] decrease, and the anisotropy parameters increase as the excitation photon energy is tuned from the resonance center to the low energy tail of the profile. These changes are resulted from the competitions between the direct dissociation channels and the predissociation channels at different positions within the Beutler-Fano profile. For D 2 , very similar ex-perimental measurements have been performed for the 2pπC 1 Π ± u (v=19) and 3pπD 1 Π ± u (v=4, 5) states [20] . Besides the normal electronic predissociation process, tunneling predissociation also plays an important role for the 2pπC 1 Π ± u (v=19) state, especially for the f-parity levels for which tunneling is the only predissociation channel as required by the symmetry. Besides excitation to bound levels for which predissociation process usually happens following the photon absorption, Mo and coworkers have also excited D 2 molecules to the vibrational continua associated with the 3pσB ′1 Σ + u and 2pσB 1 Σ + u states which are correlated with the dissociation channels D(1s)+D(2s) and D(1s)+D(2p), respectively [21] . The branching ratios between the two channels have been measured from the dissociation threshold to 3200 cm −1 above it, and they show cosine oscillations as a function of the excitation photon energy, as shown in FIG. 1 . The oscillation is resulted from the interference effect between wave functions of the two channels which have different quantum phases. This is analogous to Young's double-slit experiment. By fitting the measured branching ratios, they can determine the depths and widths of the effective spherical potential wells related to the two channels, which are in good agreement with that of the potentials obtained through ab initio calculations. Recently, these authors further studied the photodissociation properties of HD on its 3pπD 1 Π + u (v=4), 4pπD ′1 Π + u (v=1) and 4pσB ′′1 Σ + u (v=2) states [22] . They have found that the population ratios of H(2s)/D(2s) and H(2p)/D(2p) deviated appreciably from 1.0, indicating strong g-u symmetry breaking during the dissociation process of HD. On the other hand, the photofragment angular distributions and Beutler-Fano profiles were found to be independent of the isotope, which indicates that the g-u symmetry breaking must have happened near the dissociation limit. As can be seen from the above, the combination of a tunable VUV laser source with VMI and HRTOF techniques has revealed the greatest detailed photodissociation dynamics for H 2 , D 2 and HD around the dissociation threshold of H(1s)+H(2s)/H(2p), which is not available through pure spectroscopic measurements.
B. CO
CO is the second most abundant molecular species in the interstellar medium just after H 2 [23] . The photoabsorption and predissociation of CO in the VUV region (91.17−111.78 nm) plays an important role in the field of astrochemistry [24, 25] , because dissociation of CO generates the important C and O atoms which are building blocks for life important organic molecules and H 2 O. Photodissociation of 12 C 16 O and its isotopologues has also been believed to be responsible for the anomalous oxygen isotope distributions that have been observed in the solar system [26−28] . Many spectroscopic investigations have been performed to measure [21] . Reprinted with permission from Ref. [21] , copyright 2017 the American Physical Society.
the accurate absorption peak positions, intensities, and widths, from which predissociation rates have been obtained for 12 C 16 O and its isotopologues [29−35] . While these spectroscopic parameters are important for understanding the predissociation dynamics of CO and have key applications in astrochemistry, no information about the quantum state distributions of the C and O atom photofragments can be obtained from the spectroscopic measurements. This information is important for chemical modeling of the interstellar medium, since electronic excited C( 1 D) and O( 1 D) atoms have much higher reactivities towards H 2 than the ground C( 3 P) and O( 3 P) atoms, thus might play much more important roles in the low temperature interstellar medium [36, 37] . Following the absorption of a single VUV photon, CO can have the following three dissociation channels:
Measuring the branching ratios among the three dissociation channels is important not only for chemical modeling of the interstellar medium, but also for understanding the complicated predissociation dynamics of CO.
We have recently measured the branching ratios for all the strong absorption bands of 12 C 16 O in the energy range 12.71−13.70 eV by using a time-slice VMI setup which is equipped with a single tunable VUV laser source generated by TPR-FWM [38−41] . We found that the single VUV laser source can excite the CO molecules to specific rovibronic states, and directly ionize the C photofragments by absorbing a second VUV photon in the same laser pulse. The branching ratios thus obtained are found to be strongly dependent on the electronic and vibrational states of CO that have been excited. Such an example has been shown in FIG. 2. The J ′ =1 rotational levels (R(0) transition) of the two CO vibronic states (4pσ) 1 Σ + (v ′ =3) and (4sσ) 1 Σ + (v ′ =4) have dramatically different branching ratios among the three dissociation channels, even though they are only 30 cm −1 apart in energy [38] . Dependence of the branching ratio on the rotational quantum number has also been observed, and it reveals the detailed predissociation dynamics of CO [40] . As shown in FIG. 3 , the branching ratio of the CO predissociative state K(4pσ) 1 
and a repulsive state with 1 Π + symmetry for dissociating into the C( 1 D)+O( 3 P) channel. This has not been observed in previous spectroscopic investigations. The overall pattern of energy dependence of the branching ratio for the triplet channels is shown in FIG. 4 which should guide theoreticians to further investigate the strong 1 Π-3 Π interactions which are the key for understanding the predissociation dynamics of CO [41] .
In the experiments done with a single VUV source as described above, we do not have the freedom of tuning the probe VUV laser, thus state-selective detection of the photofragments was not made. By adding a second TPR-FWM generated VUV source to the existing setup, we have built a setup which has two independently tunable VUV laser sources and a time-slice VMI detection system. We can now excite the molecule to a specific quantum state with a first VUV laser, and stateselectively photoionize the fragments for detection with a second VUV laser through either VUV-UV(1+1 ′ ) resonance-enhanced multiphoton ionization or the VUV Rydberg autoionization schemes. We have been able to measure the correlated fine-structure branching ratio:
for CO predissociation through J-dependent detection of the C( 3 P J =0,1,2) fragments with the second VUV laser. The correlated fine-structure branching ratio is also strongly dependent on the vibronic states of CO that are being excited [5] . Thus a VMI setup with two independently tunable VUV laser sources is a powerful tool for studying state-to-state photodissociation dynamics of small molecules in the VUV region. C. N 2 N 2 and CO are isoelectronic with each other, and thus are expected to have similar photoabsorption and predissociation dynamics. N 2 can be populated onto the a ′′1 Σ + u (v=0) state in the charge exchange process between N 2 + ions and cesium vapor, which has a lifetime of 3.5 µs and very similar potential shape to that [38] . Reprinted from Ref. [38] , with the permission of AIP Publishing.
FIG. 3 Dependence of the branching ratio for the
. J ′ is the rotational quantum number of the upper state [40] . Reprinted with permission from Ref. [40] , copyright 2013 American Chemical Society. of the ground state, but is 12.3 eV higher in energy [42] . By taking advantage of this fact, Cosby, Helm and their coworkers built a fast molecular beam setup which was equipped with a cesium vapor cell for generating N 2 in the a ′′1 Σ + u (v=0) state, and a time and position sensitive detector [43−46] . By absorbing a visible photon which was generated by a dye laser system, N 2 molecules in the a ′′1 Σ + u (v=0) state can be excited to the rovibrational levels in the singlet valence states b ′1 Σ + u and b 1 Π u , and Rydberg states c ′1 Σ + u , c 1 Π u , e ′1 Σ + u , e 1 Π u and o 1 Π u , which are 13.65−14.4 eV above the ground rovibronic level of N 2 . These highly excited N 2 molecules then undergo predissociation through the two channels N( 4 S)+N( 2 D) and N( 4 S)+N( 2 P), which can be distinguished by the time and position sensitive detector. The branching ratio between the two channels was mea- [41] . Reprinted with permission from Ref. [41] , copyright 2018 American Chemical Society.
sured, and found to strongly depend on the electronic, vibrational and rotational levels of N 2 that were being excited. van der Zande and coworkers employed a similar fast beam setup to investigate the angular distribution of the photofragments and its dependence on the rotational quantum number and the symmetry of the above state, which provides useful information on the photodissociation dynamics [47, 48] . We have recently used the same VMI setup and the single VUV source as that in the CO experiment to measure the photofragment angular distribution which confirmed the previous results by the fast beam experiments [49] . In our case, the N 2 molecules were directly excited to the rovibrational levels of the valence and Rydberg states mentioned above, then underwent predissociation to form the atomic photofragments. Time slice VMI method was used to measure the translational energy distribution and the anisotropy parameters. With a second independently tunable VUV source, we were able to state-selectively ionize N( 4 S) and N( 2 D) through VUV-UV (1+1 ′ ) resonance-enhanced multi-photon ionization and VUV Rydberg autoionization schemes, respectively, which greatly increased the detection sensitivity. We systematically measured the branching ratios among the three dissociation channels N( 4 S)+N( 2 D), N( 4 S)+N( 2 P) and N( 2 D)+N( 2 D) in the energy region from 100000 cm −1 to 123000 cm −1 , as shown in FIG. 5 [50] . Later on, we realized that we only ionized one spinorbit component of N( 2 D), namely the N( 2 D 3/2 ) atom through the state-selective VUV Rydberg autoionization scheme, the other spin-orbit component N( 2 D 5/2 ) was not detected. Thus further study regarding to this issue is needed to solve this problem [51] .
The dependence of the spin-forbidden dissociation channels N( 4 S)+N( 2 D) and N( 4 S)+N( 2 P) on the rovibronic levels reveals details of the interactions between valence and Rydberg states, and the spin-orbit couplings between 1 Π u and 3 Π u states which play key roles in the predissociation process of N 2 . The most interesting and unambiguous observation is that the branching ratio for the formation of the lowest dissociation channel N( 4 S)+N( 4 S) is not observed even though it [50] . The update of this experiment pointed out that the branching ratios for the formation of N( 2 D)+N( 2 D) at VUV photodissociation energies above the threshold of this channel require further validation [51] . Reprinted with permission from Ref. [50] , copyright 2016 American Astronomical Society.
is spin-allowed. Furthermore, the branching ratios in this energy range are found to exhibit strong oscillatory structures as a function of VUV photodissociation energy.
D. Other diatomic molecules (NO, O 2 , HI and HBr)
Besides H 2 , CO and N 2 , several other diatomic molecules have also been studied by using VMI or HRTOF with tunable VUV laser sources generated by TPR-FWM. We collected time slice VMI images for the photodissociation of NO at several resonant energies of the Rydberg intermediate or autoionizing states of N( 2 D), O( 3 P 0,1,2 ) and O( 1 D) near 13.5 eV [52] . The photodissociation channels producing N( 2 D)+O( 3 P), N( 2 D)+O( 1 D), N( 2 D)+O( 1 S) and N( 2 P)+O( 3 P) have all been identified. The obtained anisotropy parameters showed that perpendicular transitions dominated the photoabsorption process at these energies, and the directly excited state should have Σ or ∆ symmetry. Mo and coworkers investigated the ion-pair dissociation dynamics of O 2 in the photon energy range of 17.20−17.50 eV by using the VMI setup with a TPR-FWM generated VUV source [53, 54] . The branching ratios between the fine structure ion-pair dissociation channels O + ( 4 S)+O − ( 2 P 1/2 ) and O + ( 4 S)+O − ( 2 P 3/2 ) have been determined. The O − ( 2 P 1/2 ) channel showed parallel transition, while the O − ( 2 P 3/2 ) channel was perpendicular. This result suggested that the so called strong and weak series of Rydberg states converging to O 2 [55] . Yang and coworkers employed the HRTOF method to investigate the photodissociation dynamics of HI and DI at 157 nm with a F 2 excimer laser [56] , and that of HBr at a series of photolysis wavelengths in the wavelength ranges of 123.90−125.90 nm and around 137.0 nm [57] . Branching ratios and angular distributions of the channels that generate ground state and spin-orbit excited halogen atoms were measured, and were related to the detailed dissociation dynamics.
III. VUV PHOTODISSOCIATION OF TRIATOMIC MOLECULES
Compared to diatomic, the potential energy surfaces of triatomic molecules are much more complicated with three internal coordinates, and multiple conical intersections (CI) could be presented between different Born-Oppenheimer potential energy surfaces (PES) which play important roles in the dissociation process. For two-body dissociation processes, one of the photofragments is diatomic, which not only can have electronic excitations, but also have vibrational and rotational degrees of freedom. This makes the analysis of the translational energy distribution much less straight-forward compared with that of diatomic. Nevertheless, numerous experimental and theoretical studies have been performed to understand the complicated dissociation dynamics of triatomic molecules, and great progress has been made during the last two decades.
A. H 2 O (HOD, D 2 O)
is probably the most studied triatomic molecule both experimentally and theoretically, and its importance can never be overstated. Detailed thorough experimental and theoretical reviews on the photodissociation dynamics of H 2 O (HOD, D 2 O) have been made recently by Yang [58] and Xie [59] , respectively, thus readers should refer to these two review articles and the references therein for more details, we will only make a brief summary on the most recent experimental progress and some future prospects on the photodissociation studies of H 2 O (HOD, D 2 O). HRTOF and TPR-FWM generated VUV sources have been the main tools for experimentally investigating the stateto-state photodissociation dynamics of H 2 O, HOD and D 2 O into the channels H/D+OH/OD. Both adiabatic (or direct) processes involving only one PES and nonadiabatic processes involving multiple PESs connecting with each other through CIs are observed. The multiple dissociation mechanisms were revealed by the various electronic, vibrational, rotational and angular distributions of the OH/OD photofragments that can be deduced from the HRTOF measurements. With the TPR-FWM generated VUV sources, the highest electronic state that has been reached so far is the D 1 A 1 state. Recently, with the development of Dalian Coherent Light Source (DCLS), which is a seeded free electron laser (FEL) facility with a continuously tunable wavelength range of 50−150 nm and extremely high brightness, Yang and coworkers have demonstrated that much more signals can be obtained when using DCLS compared with that using the TPR-FWM generated VUV as the photolysis source [11] . With this new setup, they have studied the photodissociation dynamics of H 2 O at 111.5 nm which excited the molecules into the F state [60] . The outcome from the photodissociation of this state was found to be very similar to that of B state, which was attributed to the fast multi-step internal conversions from the initial excited F state to the B state. This is common to highly excited polyatomic molecules [8] . Due to the limitation of HRTOF, only the H+OH channel and possibly the H+H+O channel have been studied so far. The information on the dissociation channels producing H 2 +O( 3 P, 1 D) is still very limited [61, 62] . To study these channels, stateselective photoionization of O( 3 P, 1 D) atoms and VMI detection of the translational energy distributions are needed. These have been realized in the cases of photodissociation studies of CO 2 and N 2 O as described in next two sections. Study of the channels H 2 +O( 3 P, 1 D) will probe very different parts of H 2 O PESs and should be one of the most important future directions for understanding the detailed photodissociation dynamics of H 2 O.
B. CO 2
CO 2 is an important component in planetary atmospheres and interstellar medium; its photochemical properties are the subjects of many experimental and theoretical studies. The absorption of CO 2 in the region 120−200 nm consists of two structured bands superimposed on a underlying continuum [63] . Grebenshchikov has performed a series of theoretical studies on the PESs of CO 2 between 120 and 160 nm, which has quantitatively reproduced the absorption spectrum [64−66] . Six electronic states are considered in the calculation; these states interact via Renner-Teller and conical intersections and are simultaneously involved in an intricate network of non-adiabatic couplings in the Franck-Condon region. These nonadiabatic interactions play key roles in the photodissociation process of CO 2 in this energy region. Compared with the thorough ab initio calculations that are available in this region, direct experimental investigations on the photodissociation of CO 2 in this region are still mainly limited at the single wavelength of 157.6 nm which is available through a commercial F 2 excimer laser [67−69] . Yang and coworkers have used a VMI setup to measure the spin-forbidden triplet dissociation channels CO j=0,1,2 ). The correlations of the CO internal energy distributions and the product angular distributions, and their j dependence on the O( 3 P j=0,1,2 ) signals have been obtained for the first time [69] . This experimental result has been satisfactorily reproduced by a recent theoretical calculation [70] . Other than studies at 157.6 nm, systematic direct photodissociation study of CO 2 in the region 120−200 nm similar to what have been done for H 2 O is still lacked. This is probably due to the very weak absorption cross sections of CO 2 in this region, and the lack of strong enough tunable VUV sources. The successful construction of DCLS might make the systematic study of CO 2 photodissociation possible at VUV wavelengths shorter than 150 nm. While for wavelengths longer than 150 nm, VUV sources generated by TPR-FWM in a mercury cell might be a good choice. At wavelengths shorter than 120 nm, CO 2 absorption cross sections increase by about two orders of magnitude [63, 71, 72] . This makes the direct photodissociation studies available by using the VUV sources generated by TPR-FWM in a Kr or Xe jet. We have employed the time slice VMI setup with two tunable VUV sources that has been described above to study the photodissociation of CO 2 in the energy range of 93500−98500 cm −1 [73−75] . The first VUV was used to excite CO 2 molecule into a specific quantum state, and a second VUV source was used to state-selectively ionize the photofragments through VUV-UV (1+1 ′ ) REMPI or VUV-autoionization scheme for VMI detection. By state-selectively detecting O( 3 P 0,1,2 ), the nascent O( 3 P 0,1,2 ) fine-structure distributions and branching ratios of correlated spin-orbit resolved product channels CO(ã 3 Π; v)+O( 3 P 0,1,2 ) and CO(X 1 Σ + ; v)+O( 3 P 0,1,2 ) have been measured [73] . Typical spin-orbit j-resolved VMI images and the corresponding TKER spectra are shown in FIG. 6. The CO(ã 3 Π; v)+O( 3 P 0,1,2 ) channel shows parallel transition and mainly populates CO(ã 3 Π; v) with v=0−2 constrained by the available energy; while the CO(X 1 Σ + ; v)+O( 3 P 0,1,2 ) channels have isotropic angular distribution and a broad vibrational population on the ground electronic state of CO. Similar measurements have also been done by detecting the O( 1 D) and O( 1 S) [75] . For these two atomic 0 )] Rydberg state [73] . Reprinted from Ref. [73] , with the permission from AIP Publishing. photofragments, only the ground electronic state of CO is energetically available. The measurements showed that the vibrational distributions of CO(X 1 Σ + ; v) corresponding to O( 1 D) and O( 1 S) are completely different from each other. The former has much higher vibrational temperature which peaks at v=11−16, while the latter peaks at v=0 or 1. This indicated very different photodissociation mechanisms between these two channels. Besides the O atoms, C atoms as the primary photo-products from the dissociation channel C( 3 P)+O 2 (X ′3 Σ − g ) have also been observed for the first time [74] . Two possible dissociation pathways have been proposed as shown in FIG. 7 . This observation is important for understanding the origin of initial O 2 gas before the rise of oxygenic photosynthesis in Earth's prebiotic primitive atmosphere, because it provides a way for generating O 2 gas from CO 2 , which is believed to be one of the main components in early Earth's atmosphere, without the photosynthesis process.
Photodissociation of CO 2 at much higher energy range 13.540−13.678 eV has also been investigated with the same experimental method [76] .
The VMI images and their corresponding TKER spectra were obtained by state-selectively detecting O( 3 P 0,1,2 ), O( 1 D) and O( 1 S). The photodissociation channels of . The singlet potential energy pathway (pathway 1) is predicted to involve the formation of the c-CO2( 1 A1) and COO( 1 Σ + ) intermediates situated at 6.03 and 7.13 eV above the CO2(X 1 Σ + g ) ground state. Pathway 2 illustrates the roaming mechanism [74] . Reprinted with permission from AAAS.
C. N 2 O
Nitrous oxide (N 2 O) is a minor but vital component of the Earth's atmosphere, and it is also one of the prominent greenhouse gases. There are two absorption bands centered at 130 and 145 nm in the N 2 O photoabsorption spectra [77, 78] . Wang and coworkers recently built a new high resolution time slice VMI setup which can be used for studying both bimolecular scattering and unimolecular dissociation dynamics [79] . Their setup was equipped with a Kr gas cell which can generate two tunable VUV laser beams by TPR-FWM. They have used this setup to study the photodissociation dynamics of N 2 O in the two VUV wavelength ranges of 124.44−133.20 nm [79, 80] and 142.55−148.79 nm [81, 82] . In both of the wavelength ranges, the photo-products O( 3 P 0,1,2 ), O( 1 S), N( 2 D 3/2,5/2 ) and N( 2 P 1/2,3/2 ) were selectively detected by the VMI setup, and the angular distributions and quantum vibrational populations of N 2 or NO for the dissociation channels O( 1 S)+N 2 (X 1 Σ + g ), O( 3 P 0,1,2 )+N 2 (A 3 Σ + u ), O( 3 P 0,1,2 )+N 2 (B 3 Π g ) (only available in the range 124.44−133.20 nm), N( 2 D 3/2,5/2 )+NO(X 2 Π) and N( 2 P 1/2,3/2 )+NO(X 2 Π) (only available in the range 124.44−133.20 nm) were determined from the obtained VMI images. In the range 124.44−133.20 nm where N 2 O is believed to be excited to the D 1 Σ + state, the channels for producing O( 1 S) and O( 3 P 0,1,2 ) are mainly from parallel transitions with the β parameters close to 2, and the co-products N 2 are mostly populated in low vibrational levels. This indicates that photodissociation into the O( 1 S) and O( 3 P 0,1,2 ) channels on the D 1 Σ + state is primarily governed by a fast dissociation in a linear geometry [79] . On the other hand, the channels for producing N( 2 D 3/2,5/2 ) and N( 2 P 1/2,3/2 ) have β parameters close to 0.5, and the vibrational populations of the co-product NO are strongly inverted. This suggests that a bent transition state should be present in the formation of N+NO [80] . In the range 142.55−148.79 nm, N 2 O is believed to be excited to the C 1 Π state. The channels O( 1 S)+N 2 (X 1 Σ + g ) and O( 3 P 0,1,2 )+N 2 (A 3 Σ + u ) were found to produce highly vibrationally excited N 2 with moderate and relatively stronger rotational excitations, respectively. This again suggested that a significantly bent transition state may play an important role in the processes of the formation of the highly vibrationally and rotationally excited photodissociation channels [81] . For the channel of N( 2 D 3/2,5/2 )+NO(X 2 Π), the vibrational populations were found to be inverted, and more interestingly was that a bimodal rotational structure was observed for all the vibrational levels of NO that have been populated. This is a sign that multiple dissociation pathways should be present for forming the N( 2 D 3/2,5/2 )+NO(X 2 Π) channel [82] . One fast pathway with an almost linear transition state geometry should be responsible for the low rotationally excited components with relatively large β parameters; the other slower pathway with a bent transition state geometry should cause the moderately rotationally excited NO(X 2 Π) products with smaller β parameters. These experimental observations should be treated as a benchmark for future theoretical calculations.
D. Other triatomic molecules (H 2 S and HCN)
Other triatomic molecules that have been subjected to direct photodissociation studies by using VMI or HRTOF in the VUV region are H 2 S (D 2 S) and HCN (DCN). The direct photodissociation studies of H 2 S at 157.6 nm and the Lyman-α (121.6 nm) have been performed with the HRTOF technique by Yang et al. [83] and Ashfold et al. [3, 84] , respectively. At 157.6 nm, SH(X 2 Π)+H( 2 S) is the dominant channel, which is both rotationally and vibrationally excited. Bimodal rotational structures have been observed for SH(X 2 Π, v=0,1), indicating that there are two distinct dissociation pathways being involved. The very high rotational excitation of the SH radicals suggested that significant angular anisotropy has been experienced in the photodissociation process [83] . At the Lyman-α (121.6 nm), Ashfold and coworkers showed that the dominant dissociation channels are SH(A 2 Σ + )+H( 2 S) and S( 1 D)+H( 2 S)+H( 2 S). This is very different from that of its lighter homologue, H 2 O, for which the dominant channels are OH(X 2 Π)+H( 2 S) and OH(A 2 Σ + )+H( 2 S) [58] . More experimental and theoretical efforts are still needed to understand the detailed photodissociation dynamics of H 2 S in the VUV region. Besides the studies by HRTOF, Mo and coworkers ever studied the ion-pair dissociation dynamics of H 2 S in the energy range 15.26−15.55 eV [85] . H + ions DOI:10.1063/1674-0068/cjcp1812290 c ⃝2019 Chinese Physical Society are measured by using the VMI method. A β parameter of 2.0 was obtained for the dissociation channel SH − (X 1 Σ + , v=0)+H + , which indicates that the dissociation is via a pure parallel transition. In the case of HCN, direct photodissociation studies have been done at the Lyman-α (121.6 nm) with the HRTOF method by Ashfold and coworkers [86, 87] . From the TKER spectra, HCN was found to mainly dissociate into the channel CN(A 2 Π)+H( 2 S) with minor contribution from the channel CN(B 2 Σ + , v=0,1)+H( 2 S). Multimodal rovibrational population distribution was observed for the channel CN(A 2 Π)+H( 2 S): one distribution favoring both low vibrational and rotational excitation, a second distribution associated with high rotational excitation primarily in the v=0 vibrational level, and a third distribution associated with high vibrational states (v=4−9) and intermediate rotational excitation. This multimodal structure implies the complicated photodissociation dynamics of HCN in this energy range.
IV. VUV PHOTODISSOCIATION OF POLYATOMIC MOLECULES
Photoproducts of polyatomic molecules with more than three atoms are usually also polyatomic and own dense quantum states, which makes quantum state resolved translational energy distribution measurements difficult if not impossible. So far, most direct photodissociation studies on polyatomic molecules in the VUV region are performed using the HRTOF method, which has relatively higher translational energy resolution than that of the VMI technique. These polyatomic molecules include CH 4 [88−92] [100] and probably their D-substituted isotopomers. These molecules are usually promoted to highly excited electronic quantum states following the absorption of a single VUV photon, and then undergo internal conversions or intersystem crossings to nearby dissociative states or to the electronic ground state to dissociate. These non-radiative processes are mediated through all kinds of CIs which are ubiquitous in the PESs of polyatomic molecules. The general properties of these dynamical processes have been reviewed recently by Ashfold et al. [8] . Several recent good examples have been provided by Yang and coworkers through the VUV photodissociation studies of CH 4 , HNCO and C 4 H 2 by using their high resolution HRTOF method. In the case of CH 4 , the photodissociation dynamics in the wavelength range 128−133 nm has been studied [95] . Both parallel and perpendicular excitation schemes were used and the obtained TKER spectra were dramatically different from each other indicating strong anisotropic angular distributions of the photofragments. At the same time, many partially resolved sharp peaks were observed and assigned to the highly rotational excitations of the CH 3 products.
The anisotropy parameter for the high J products is higher than that for the low J products. This angular anisotropy and high rotational excitation of the dissociation products are believed to be caused by the CI between the S 1 and S 0 PESs of CH 4 . In the case of HNCO [93] and C 4 H 2 [98, 99] , multiple dissociation pathways with different nonadiabatic interactions among various PESs were observed by comparing the different TKER spectra obtained at parallel and perpendicular excitation schemes. Similar complicated non-adiabatic interactions have also been observed in the case of VUV photodissociation of H 2 O, which has already been well studied [58] . Thus, non-adiabatic couplings between the directly excited state and other electronic states leading to bond breaking play vital roles in the photodissociation processes of polyatomic molecules.
V. FUTURE PROSPECTS
The standard experimental framework for vacuum ultraviolet (VUV) photodissociation studies based on product translational energy measurements has been established for nearly five decades. In early photodissociation studies, the most common experimental arrangement consisted of three basic components, namely, a supersonically cooled molecular beam source to provide a supersonically cooled beam of the molecular species of interest, a VUV laser or synchrotron radiation source for photoexcitation, and a rotatable mass spectrometric detector for photoproduct identification and for photoproduct translation energy analysis by the time-of-flight (TOF) method. Traditionally, the mass spectrometer is equipped with an electron impact ionizer, together with a quadrupole mass filter (QMF) and a Daly ion detector. This assembly is often referred to as a universal ion detector because electrons can ionize any neutral photofragments for detection, achieving extremely high sensitivity. The major shortcoming of electron impact ionization is the ion fragmentation problem, which can prevent product photofragment identifications. Because of the high pulse intensities, the most popular light sources used in the past were the ArF and F 2 excimer lasers, which produce fixed photoexcitation energies at 193.3 and 157.6 nm, respectively. The replacement of the electron impact ionization by a synchrotron based tunable VUV ionization at the Advanced Light Source and the Taiwan Photon source has proven to be highly profitable, and has produced a great deal of valuable results on many small molecules [101] .
Modern photodissociation studies of relevance to atmospheric chemistry and astrochemistry require cross section measurements to be made in a broad VUV range, and thus the use of a tunable VUV photodissociation source is preferred. In these experiments involving molecules excited to VUV energies, product fragments in several internal electronic states can be formed. The determination of internal state popula-tions of photofragments has shown to require advanced, state-of-the-art laser spectroscopic techniques, such as the HRTOF method [3, 4] . We note that the HRTOF method is only applicable for dissociation processes involving the formation of H atoms. Along this direction, we have developed the two-color tunable VUV-VUV laser pump-probe double resonance scheme and have successfully applied it for state-to-state photodissociation studies of CO, N 2 and CO 2 [5, 50, 73−75] . We expect this technique will find more usage in future VUV laser based photodissociation studies. When combined with the VMI method, the VUV-VUV photodissociation scheme can measure photodissociation cross sections and branching ratios for quantum-state-correlated product channels.
Due to the establishment of many synchrotron based VUV beamlines worldwide, and the experience accumulated in the generation of table-top VUV laser radiation by the four-wave mixing scheme, it is now possible to conduct photodissociation experiments using a tunable synchrotron or laser based VUV photon source. However, often due to a technical compromise, some synchrotron based VUV outputs have a cutoff at wavelengths longer than 160 nm. Thus, VUV radiation in the wavelength interval of 160−200 nm needed for experiments are not available in some synchrotron beamlines. Based on our experience, this photon energy range can be readily covered by two-color infrared-ultraviolet (IR-UV) or visible-UV (VIS-UV) laser resonance-enhanced excitation schemes [12, 102] . In these two-color laser photoexcitation measurements, the IR or VIS laser first excites the molecule to a single rotational state of an excited intermediate state prior to the UV laser photodissociation excitation; and thus, the photodissociation spectrum thus obtained is better resolved as the rotational congestion observed in common spectroscopic measurements is eliminated.
When the photodissociation experiment involves a radical formed into a mixture with other unwanted species, the two-color IR-UV laser photodissociation scheme can also be employed to pick-out a radical of interest by exciting the radical first to an excited intermediate state, prior to subsequent UV photodissociation excitation. That is, the two-color IR-UV scheme not only can pick out the radical of interest for photodissociation study, but also produce a better resolved photodissociation spectra for product fragments. It has been well demonstrated that supersonic cooling cannot completely suppress the rotational envelope, but the IR-UV and IR-VUV photodissociation schemes can. We expect that high-resolution IR-UV photodissociation experiments involving the use of multiple laser beams would become more routine.
At VUV photon energies above the ionization energy (IE) of the molecule, photoionization processes also occur. Questions concerning how VUV photoionization connect to VUV neutral photodissociation have not been explored in detail. In the VUV region, ion-pair processes can also occur, adding much complexity and challenges for the fundamental understanding of these processes. Unique to neutral atomic and molecular species, for every IE of the neutral atomic and molecular species, there exist manifolds of Rydberg states converging to it. In the recent quantum state selected unimolecular dissociative photoionization study of methane (CH 4 ) at excitation energies slightly below the energetic threshold for the formation of CH 3 + +H, the dissociation process is mediated by the high-n Rydberg dissociation process CH 4 (n)→CH 3 (n)+H [103] . This experiment indicates that Rydberg state reactions play a pivotal role in neutral VUV photodissociation dynamics. Thus, future detailed studies on VUV Rydberg state dissociation processes are justified for a better understanding of VUV photodissociation.
All photodissociation and photoionization processes begin after VUV photoabsorption. In order to fully understand the multiple decay nature induced by VUV photoexcitation, it is necessary to perform highresolution photoabsorption cross section measurements, in addition to the photodissociation, photoionization, fluorescene, and ion-pair formation decay channels. These cross section measurements can be used to determine the decay rates needed for the photodissociation channels.
While the newly constructed DCLS free electron VUV laser has reported to generate tunable VUV radiation in the range of 50−150 nm with unprecedented intensities [11, 60] . These distinctive capabilities promise to push the VUV photodissociation experiment to the next level. However, the practical optical bandwidth of about 20 cm −1 or larger achieved by the DCLS may be too broad to take advantage of high-resolution spectroscopic techniques for quantum state-to-state photodissociation dynamics studies.
